There are two temperature optima connected with lignin peroxidase synthesis by Phanerochaete chrysosporium INA-12. One, at 37°C, is for the mycelium-growing phase; the other, at 30°C, is for the lignin peroxidase-producing phase. One of six extracellular proteins with ligninase activity increased when cultures were grown at 30°C for the entire fermentation period or when cultures were grown at 37°C for the first 2 days of incubation and then shifted to 30°C, compared with the activity of control cultures grown at 37°C for the entire fermentation period. The unsaturation of fatty acid (A/mole) of P. chrysosporium INA-12 mycelium decreased from 1.25 to 1.03 when the growth temperature was shifted from 20 to 40°C. Extracellular hemeprotein peroxidase (ligninase) in Phanerochaete chrysosporium is a secondary metabolic product appearing upon carbon or nitrogen starvation. This enzyme has been purified and characterized by Tien and Kirk (17) and Gold et al. (7) .
There are two temperature optima connected with lignin peroxidase synthesis by Phanerochaete chrysosporium INA-12. One, at 37°C, is for the mycelium-growing phase; the other, at 30°C, is for the lignin peroxidase-producing phase. One of six extracellular proteins with ligninase activity increased when cultures were grown at 30°C for the entire fermentation period or when cultures were grown at 37°C for the first 2 days of incubation and then shifted to 30°C, compared with the activity of control cultures grown at 37°C for the entire fermentation period. The unsaturation of fatty acid (A/mole) of P. chrysosporium INA-12 mycelium decreased from 1.25 to 1.03 when the growth temperature was shifted from 20 to 40°C. Extracellular hemeprotein peroxidase (ligninase) in Phanerochaete chrysosporium is a secondary metabolic product appearing upon carbon or nitrogen starvation. This enzyme has been purified and characterized by Tien and Kirk (17) and Gold et al. (7) .
Faison and Kirk (6) and Leisola et al. (13) have shown that the addition of veratryl alcohol, a secondary metabolite of P. chrysosporium, improved ligninase activity. Kirk et al. (11) have observed an increase in lignin peroxidase production by increasing the concentration of trace metals (Mn or Cu) in the culture medium. Jager et al. (9) have demonstrated that lignin peroxidase can be produced by small mycelial pellets when the growth medium is supplemented with Tween 80, Tween 20, or 3-[(3-cholamidopropyl)-dimethylammonio]-1propanesulfonate (CHAPS). Buswell et al. (3) have observed that P. chrysosporium INA-12 was able to produce a high level of lignin-degrading enzyme when glycerol was used as the carbon source under nonlimiting nitrogen conditions. Recently, Asther et al. (1, 2) reported that lignin peroxidase synthesis by P. chrysosporium INA-12 was markedly enhanced and fermentation time for maximum activity was reduced in the presence of oleic acid emulsified with Tween 80 and phospholipid (soybean asolectin).
On the other hand, several studies have shown that optimal temperatures for maximum lignin peroxidase production by P. chrysosporium BKM-F-1767 have varied between 37°C (13) and 39 to 40°C (12). Hatakka and Uusi-Rauva (8) have observed that the ability of P. chrysosporium to degrade poplar wood lignin to CO2 was higher at 28°C compared with that at 39°C.
In this study, we describe the effect of variations in temperature on lignin peroxidase production by P. chrysosporium INA-12. We show that temperature changes (low temperature) after a period of growth are necessary for maximum lignin peroxidase production.
The organism used in this study was P. chrysosporium INA-12 (Collection Nationale de Culture de Microorganismes 1-398, Institut Pasteur, Paris, France).
Cultures were grown in a synthetic medium previously described by Asther et al. (1) with glycerol (10 g/liter), asparagine (1 g/liter), ammonium nitrate (0.5 g/liter), yeast extract (1 g/liter), and 0.4 mmol of veratryl alcohol (Aldrich * Corresponding author. Chemical Co., Inc.) per liter. The culture medium was buffered to pH 5.5 with 26 mM potassium 2,2-dimethylsuccinate. For testing, this medium was supplemented with oleic acid (0.04%, wt/vol) and soybean asolectin (0.15%, wt/ vol) (Fluka). Oleic acid was emulsified with Tween 80 by the method of Asther et al. (1) . After inoculation with 2 x 106 conidiospores, cultures were flushed with 100% 02 for 2 min. Incubation was carried out in triplicate at the desired temperature, without shaking, in 150-ml Erlenmeyer flasks containing 10 ml of medium. Experiments were repeated at least once.
Ligninase activity was measured by determining the rate of oxidation of veratryl alcohol to veratraldehyde by the method of Tien and Kirk (17) , except that 2 mM veratryl alcohol-0.27 mM H202 was used. Glycerol was determined enzymatically by the glycerol kinase assay (Biochimica test combination; Boehringer GmbH, Mannheim, Federal Republic of Germany). Growth was measured in terms of dry weight of mycelium after it was filtered and dried overnight at 105°C on glass-fiber filters (GF/D; Whatman, Inc.).
For protein purification, the cultures after 4 days of total incubation were concentrated 10-fold by ultrafiltration through an Amicon YM 10 membrane. Proteins in the concentrated fluid were fractionated by fast-protein liquid chromatography (FPLC), using a Pharmacia LCC 500 chromatograph equipped with a Mono Q HR 5/5 anion-exchange column with a gradient of NaCl in 10 mM sodium cacodylate (pH 5.9) (11). Methyl esters of mycelium fatty acids were prepared by transmethylation by the method of Welch (18) and were assayed by gas-liquid chromatography, using a stainless steel column filled with chromosorb WAW DMCS (80 to 100 mesh) as described earlier by Asther et al. (1) . Fatty acid composition was expressed in the form of percentages of the sum of peak areas. The degree of unsaturation of fatty acids (A/mole) was calculated as {[% monoene + 2 (% diene)+ 3 (% triene)]/100} according to Kates and Hagen (10) .
Lignin peroxidase synthesis by strain INA-12 was enhanced 1.3-fold when temperature was held at 37°C for the first 2 days of incubation and then reduced to 30°C, compared with synthesis by control culture grown at 37°C for the entire fermentation period (Fig. 1 days of total incubation when 30°C was used as the incubation temperature (data not shown). Glycerol consumption rate decreased less rapidly after temperature change compared with 37°C control cultures; similar results were obtained for biomass formation. In order to establish the optimum temperature for the two phases, cultures were initially incubated for the first 2 days at each of the three temperatures, 40, 37, and 30°C, and subsequently for the remainder of the fermentation at 30, 25, and 20°C (Table 1 ). Furthermore, 30°C proved to be the best temperature for the lignin peroxidase-forming phase for mycelium grown at 37°C, and 25°C was the best temperature for mycelium grown at 30°C, with productivities of 9.78 and 8.93 nkat/ml per day obtained, respectively.
The ion-exchange FPLC profile of extracellular proteins from cultures grown at 37°C for the first 2 days of incubation and then shifted to 30°C is shown in Fig. 2 . The extracellular fluid contains six hemeproteins with ligninase activity (peaks designated 1, 2, 3, 4, 5, and 6). At both temperatures, 80% of ligninase activity was associated with peaks 1 and 2. The activity of peak 5 was increased 1.8-fold for cultures shifted from 37°C to 300C and for cultures grown at 300C for the entire fermentation, compared with 37°C control cultures (data not shown).
Distribution of major fatty acid species of P. chrysosporium INA-12 mycelium grown at temperatures ranging from 20 to 400C after 4 days of incubation is shown in Fig. 3 . Levels of linoleic (18:2) and linolenic (18:3) acid decreased between these two temperatures, while a corresponding increase in the proportion of oleic acid (18:1) was observed. There was a similar, although much smaller, increase in the proportion of palmitic acid (16:0) with increasing temperature over the same temperature range. An increase in growth temperature from 20 to 40°C caused a decrease in the degree of unsaturation of fatty acids (A/mole) from 1.25 to 1.03.
The temperature range that permits good growth often extends more than 25°C, whereas the range that permits good secondary metabolism may be as narrow as 5 to 10 degrees (4, 16) . The action of temperature on secondary metabolism occurs at some point in the transitional period between the cessation of vegetative growth and the formation of secondary end products. Nevertheless, in several cases, synthetase activity requires a more restricted range of temperature than that necessary for vegetative growth (5) . VOL. 54, 1988 cultures induced by veratryl alcohol from P. chrysosporium BKM-F-1767. Jager et al. (9) have separated eight peaks at A409 (hemeproteins). They suspect that relatively minor differences among the protein profiles simply reflect culture age. This study showed that the proportion of peak 5 in extracellular proteins of P. chrysosporium INA-12 was increased for 37°C acclimated cultures shifted to 30°C and for 30°C control cultures, compared with that of cultures grown at 37°C for the entire fermentation period. On the other hand, P. chrysosporium INA-12 alters its fatty acid composition in response to different incubation temperatures. It has been shown that fatty acid desaturation is an integral part of acclimatization frorm high to low growth temperatures in several microorganisms (15, 18, 19) . Since unsaturated fatty acids are known to have lower melting points than the corresponding saturated acids, it was suggested that this decrease in fatty acid unsaturation with increasing growth temperature serves to maintain the optimal membrane fluidity for cellular activities. In previous experiments on temperature acclimatization of membrane, it was found that membrane fluidity is regulated by fatty acid desaturases (15) . Modification of mycelium fatty acid composition in P. chrysosporium INA-12 by artificial means, such as temperature shifts, indicated that fatty acid synthesis is under strict regulatory control.
Results reported here show the feasibility of using temperature shifts to improve lignin peroxidase production by P. chrysosporium However, further work is required to evaluate whether a process of control of secondary metabolism by temperature shifting can be developed for industrial use.
